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Abstract
Results from recent LES studies of high-speed jet ﬂows and its near and far-ﬁeld noise (Mendez et al. AIAA-
2010-271) are reviewed with an emphasis on validation of the LES results. Far-ﬁeld noise is predicted using data
collected on a conical FW-H surface. Very good agreement with the measurement reported by Bridges & Wernet
(AIAA-2008-2834) is observed. Data analysis of the ﬂow disturbances within the jet and in the near-ﬁeld is used
to better characterize the sound source processes. We analyze LES data of Bodony and Lele (Phys. Fluids, vol.
46, 2005) using a ﬁlter in the wavenumber-frequency domain. The supersonic components of pressure and radial
velocity ﬂuctuation show peaks within the jet and show the U8j scaling behavior consistent with the far-ﬁeld radiated
noise levels. The observed scaling is also consistent with a perturbation expansion of nearly incompressible turbulent
ﬂuctuations within the jet ﬂow. Linear global mode analysis of the non-parallel jet mean ﬂow is performed. Features
of Mach wave radiation are evident in the global modes for supersonic convection. Large transient growth is found
due to convective non-normality. Some implications of this analysis for jet noise modeling are discussed.
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1. Introduction
Large eddy simulations (LES) of compressible turbulent jet ﬂows can provide detailed four-dimensional infor-
mation (spatial and temporal variations) regarding the unsteady turbulent ﬂow within the jet ﬂow and the associated
far-ﬁeld noise radiation. Such databases from carefully validated calculations can be used to shed light on noise
source mechanisms in turbulent shear ﬂows and can help conceive and evaluate novel ﬂow control and noise miti-
gation strategies which leverage the understanding of noise generation processes. The databases can also be used to
develop improved statistical noise source models which can be used in an appropriate acoustic theory for predicting
the far-ﬁeld noise. Many groups have been pursuing LES of jet ﬂows motivated by these objectives (see the review
paper by Bodony & Lele [8] for a recent survey of the available studies). The results reported by Shur et al. [11], [10]
and Bogey & Bailly [14], [13], [12] represent the current state of the art. The present authors have been developing
LES capability which is general enough to accommodate the geometrical complexity associated with practical nozzle
conﬁgurations used in both civilian and military applications. The results of these eﬀorts were reported by Mendez et
al. [1], Shoeybi [15], and Khalighi et al. [7]. This paper summarizes some highlights of the results from Mendez et
al. [1] emphasizing the validation eﬀorts undertaken. Analysis of LES data to highlight speciﬁc aspects of jet noise
generation are discussed afterwards.
2. Jet LES with nozzle included
Mendez et al. (2010) conducted LES of isothermal and heated supersonic jets for the nozzle geometry and operat-
ing points corresponding to selected cases from Bridges & Wernet experiments at NASA Glenn[3]. The converging-
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Figure 1: A composite visualization of jet LES results. Contours of density are plotted for the heated supersonic jet. Mj = 1.4, T j/Tamb =
1.765. The inset at right shows the grid used in a part of the computational domain. Every second point is displayed.
diverging nozzle geometry (SMC015) is replicated in the simulations and the conditions in the upstream plenum are
prescribed based on the experiment. The internal ﬂow in the nozzle is laminar in the calculations with an attempt to
obtain relatively thin boundary layers at the nozzle exit but do not match the Reynolds number of the experiment. The
momentum thickness δθ/D is the range 0.002 – 0.003. Data on the boundary layer proﬁles and turbulence levels at
the nozzle exit are not available from the experiments, but other data suggest the boundary layers are thin and likely
to be turbulent.
Figure 2: A close-up view in the near nozzle region of the simulated jet. Contours of vorticity magnitude normalized by Camb/R are plotted in the
left plot. Frequency spectra of the axial velocity ﬂuctuations at three streamwise stations along the lip line are plotted on the right.
An overall visualization of the ﬂow is provided in ﬁgure 1. Note the thin shear layers as the jet ﬂow emerges
from the nozzle, its relatively rapid breakdown into turbulence and the well-developed broadband scales of turbulent
motions captured by the simulation. The inset on the right in the ﬁgure shows a planar cut through the grid used. The
grid is clustered to resolve the thin shear layers and follow the jet spreading. The calculation shown in ﬁgure 1 used
a total of 28 M points. Details of the grid distribution, numerical algorithm, a study of grid sensitivity and overall
quality assessment of the LES calculations were given in Mendez et al. (2010). The spatial development of the shear
layers in the near nozzle region can be seen in ﬁgure 2. The shear layer is laminar at the nozzle exit and displays
Kelvin-Helmholtz instability leading to vortex roll up and subsequent pairing. These processes are well identiﬁed
in the frequency spectra of u′ ﬂuctuations at diﬀerent stations along the lipline shown in ﬁgure 2(b). The peak at
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Figure 3: The distribution of mean axial velocity and axial velocity variance along the jet centerline and lip line for the isothermal supersonic
jet. Dashed lines are LES results from Mendez et al. [1] and solid lines are from the Bridges & Wernet experiment [3].
x/D = 0.1 at a Strouhal number S t = 5.5 closely corresponds to S tθ = 0.012, as in experiments by Zaman [18] and in
the LES study by Bogey & Bailly (2009). Beyond x/D = 1.25 the shear layers appear to be turbulent and a broadband
spectrum is observed.
Figure 3 shows the time averaged mean velocity U/Uj and the streamwise ﬂuctuations u′u′/U2j as a function of
x/D along the jet centerline and along the lipline. These quantities are compared with the measurements of Bridges
& Wernet [3]. The comparison indicates that the overall jet spreading is predicted reasonably accurately in LES. The
potential core length is shorter in LES and u′ ﬂuctuations are too intense in the near nozzle region. This may be
associated with the breakdown of the quasi-laminar shear layer. As mentioned earlier, events of vortex roll up and
pairing were prevalent in the early jet and coherent nature of these events may be associated with somewhat faster
jet spreading and higher levels of ﬂuctuations relative to the experiment. Despite these diﬀerences, as the jet breaks
down and develops further as a turbulent ﬂow the mean ﬂow spreading and turbulence development are reasonably
predicted in LES. Detailed comparison of the mean velocity and turbulent Reynolds stress proﬁle across the jet at
various downstream stations with PIV measurements were given in Mendez et al. [1] and a good match was found
except for the near-nozzle stations where the computed proﬁles were wider due to artiﬁcially stronger ﬂuctuations in
the transitional region. Also shown were near-ﬁeld u′ and v′ spectra which conﬁrmed that turbulent motions captured
in the simulations were a realistic representation of the experiment. In addition extensive comparisons with the data
for a heated supersonic jet were also carried out by Mendez et al. [1]. These conﬁrm that the present LES calculations
capture the quantitative trends associated with jet heating.
In ﬁgure 4 the predicted far-ﬁeld noise spectra from the isothermal and heated supersonic jets are compared with
Bridges & Wernet [3] far-ﬁeld noise data. The predicted noise spectra are in excellent agreement with the data for
large inlet angles where the jet noise is most intense. The agreement is good for both isothermal and heated cases.
For inlet angle θ = 150 deg. the predicted spectra agree very well with the data up to a Strouhal number S t ≈ 5. At
lower inlet angle the predicted spectra follow the change in spectral shape and become broader. For θ = 90 deg., the
predicted spectra remain close agreement with data from low frequencies up to S t = 3, but then progressively miss
the higher frequency noise. A similar trend is observed in the hot supersonic jet case. It should be stressed that the far-
ﬁeld noise spectra shown here were obtained using the LES data on a nearly conical surface surrounding the jet. The
predictions used the pressure based Ffowcs Williams-Hawkings (FW-H) equation and the method of multiple outﬂow
disk averaging (Shur et al. [11]) to reduce low frequency contamination associated with vortical/entropic disturbance
ﬂowing out of the FW-H surface. Mendez et al. [2] conducted a detailed assessment of this approach and the best
practice from that study was utilized by Mendez et al. [1]. Further assessment of the quality of the LES calculations
is given in Mendez et al. [1] including an assessment of the eﬀect of artiﬁcial dissipation and subgrid model used. It
is shown that with careful grid design the eﬀect of artiﬁcial dissipation can be reduced to a level signiﬁcantly smaller
than that associated with the subgrid model.
A further observation is made here regarding ﬁgure 1 and animations generated in this fashion. These visualiza-
tions suggest that signiﬁcant noise is generated in the very early stage of jet mixing. This would be an erroneous
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Figure 4: The frequency spectra of far-ﬁeld noise predicted by LES for (a) isothermal supersonic jet (left ﬁgure) and (b) heated supersonic jet (right
ﬁgure). Diﬀerent curves are for observers at diﬀerent inlet angles θ, but their SPL levels are oﬀset from the previous (lower) observer angle data by
20 dB. The lowest inlet angle θ = 50 deg. has no oﬀset. Inlet angles of 50 deg., 70 deg., 90 deg., 110 deg., 130 deg. and 150 deg. are shown. Data
from Bridges & Wernet experiments [3] are plotted as the black curves.
conclusion. Close examination of these images shows that this intense radiation is associated with the vortex roll up
and pairing. The Strouhal number of these events is 5.5 and 2.75, respectively, and are much higher than the frequency
associated with the dominant far-ﬁeld jet noise observed at the inlet angle of 150 deg. The spectral peak at this inlet
angle corresponds to S t = 0.2 or a wavelength of approx. 3.6 D. A larger near-ﬁeld domain where the wave propa-
gation is accurately resolved is required to visualize the near-ﬁeld directivity pattern associated with the dominant jet
noise radiation at this large wavelength. The LES calculations typically focus the grid resolution to the turbulent part
of the jet to capture the sound generation processes and outside of this region the grid is gradually stretched. The FW-
H surface data is then used to relate the near jet data to the far-ﬁeld sound. In such hybrid calculations, the Mendez
et al. study [1] being one example, it is not necessary to accurately propagate the acoustic waves beyond the FW-H
surface. It is, however, necessary to ensure that grid stretching is suﬃciently gentle so as to not reﬂect the incident
sound and to ensure that it does not generate spurious waves at a signiﬁcant level. Typically numerical dissipation
is also increased signiﬁcantly in the region outside the jet to eﬀectively damp the outgoing waves. We stress these
artifacts so that the visually observed jet noise radiation patterns in hybrid LES-acoustic analogy calculations are not
misinterpreted. Of course, the region where reliable solutions of the wave equation are obtained in a direct calculation
of jet ﬂows can be extended beyond the immediate vicinity of the jet with proper grid design and substantially larger
computational resources. For example, the calculations of Bogey & Bailly (2009) which use the direct calculation
approach with a high-order optimized ﬁnite diﬀerence scheme used 47.8 M points for a jet ﬂow at Reynolds number
of 105 (and Mj = 0.9). For acoustic predictions they extracted the time dependent data at a Kirchhoﬀ surface located
at r = 5.25r0 and numerically solve the acoustic wave equation in the region up to 60r0 using a mesh with 169M
points.
3. Wavenumber-frequency domain ﬁltering
Results from the analysis of jet LES data in the wavenumber-frequency domain are summarized here. More details
can be found in the thesis by J. Ryu (2010). Four cases from the jet LES database of Bodony & Lele (2005) are used
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Figure 5: The wavenumber-frequency domain ﬁlter function used to deﬁne the supersonic wave components. The line plots on the right
show traces of the ﬁltering mask as a function of the axial wavenumber kx for three values of frequency (S t = 0.1, 0.3, and 0.5).
in the results shown here. The cases correspond to unheated jets with jet Mach number ranging from 0.51 to 1.95.
While this range of variation in the jet speed makes this LES data very attractive, we note that these calculations
diﬀer from the calculations of the previous section in that they model only the jet plume; the nozzle is not included.
The study also used modest grid resolution (approx. 1 M points in each case) but with a high-order compact ﬁnite
diﬀerence scheme. The shear layers at the inlet station were relatively thick δθ/D = 0.045 and modest axial, radial
and azimuthal resolution was used. Despite these constraints, it was found that the simulations captured the dominant
observed trends in jet noise: the overall noise directivity, variation with jet speed and jet temperature and the change
in spectral shape with inlet angle.
Spatio-temporal LES data of the turbulent region of the jet ﬂow and the near acoustic ﬁeld were ﬁrst decomposed
into azimuthal modes (indexed by mode number m) and Fourier transformed in time using FFT. The frequency domain
(ω) data were then transformed to axial wavenumber space (kx) by numerically evaluating the Fourier transform
(numerical quadrature). The resulting complex valued ﬂow variables which depend on the radial coordinate r and
kx, ω, m are ﬁltered in the (kx, ω) space to deﬁne the supersonic- and subsonic-wave components of the disturbance
variables. The ﬁltering is accomplished by the mask shown in ﬁgure 5. The mask takes on a value of 1 in the
supersonic region of (kx, ω) space and sharply changes to a value of 0 in the subsonic region. The statistical properties
of the ﬁltered ﬁelds are studied using the (kx, ω) space data. For visualization purposes the ﬁltered data is also inverse
Fourier transformed to the x domain. This generates complex valued ﬁelds over (x, r) for each frequency and azimuthal
mode. To comprehend the spatial variations of these ﬁltered ﬁelds the proper orthogonal decomposition (POD) of the
original and ﬁltered ﬁelds are computed. In the following some highlights of the results are given.
3.1. Spatial structure of supersonic component
Visualization of the spatial structure of the full and supersonic component of the ﬂuctuating pressure ﬁeld is
obtained by computing the proper orthogonal components (POD modes) of the full and ﬁltered data. The snapshot
method ([19],[20]) is used. The ﬁrst few POD modes can be used to objectively visualize frequently occurring ﬂow
structures/patterns. Detailed discussion is given in Ryu (2010). Here we single out one striking result from the study.
As can be seen in ﬁgure 6 for the subsonic jet at Mj = 0.51 the full pressure signal reveals a spatially extended helical
wave packet structure of which only the very large-scales contribute to the supersonic components. For the supersonic
jet at Mj = 1.95 shown in ﬁgure 7, this scale disparity is absent and the energetic structures of the pressure ﬁeld also
contribute signiﬁcantly to the supersonic components. Note that for the contour level shown in ﬁgure 7 (right) the
helical radiating wave structure is visualized. Contours at higher magnitude level are limited to the near jet region.
3.2. Scaling of subsonic and supersonic components
Figure 8 shows the radial variation of the mean squared pressure disturbances in subsonic (Mj = 0.51 in left panel)
and supersonic jets (Mj = 1.95 in the right panel) for m = 1. The data have been integrated over the full axial domain
and all frequencies. The data are presented in non-dimensional form with x-axis scaled with jet radius R (at inlet) and
the pressure disturbance is scaled with ρ∞C2∞ = γp∞. For the subsonic jet the pressure disturbances are almost entirely
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Figure 6: The ﬁrst POD mode associated with pressure ﬁeld in the cold subsonic jet for m = 1. Mj = 0.51, T j/Tamb = 0.95. POD mode based on
full pressure (left) and supersonic component (right). Contour level is at ±0.05 of the respective maximum value.
Figure 7: The ﬁrst POD mode associated with pressure ﬁeld in the cold supersonic jet for m = 1. Mj = 1.95, T j/Tamb = 0.56. POD mode based on
full pressure (left) and supersonic component (right). Contour level is at ±0.05 of the respective maximum value.
dominated by the subsonic component. The peak of the (mean squared) supersonic component is approx. 100 times
smaller than the full pressure. The full pressure disturbance and the subsonic components both show a signiﬁcant
region of nearly exponential decay over the region 2 ≤ r/R ≤ 8. The supersonic component attains a peak near the jet
lip line (r/R = 1), displays a rapid decay similar to that noted for the subsonic component and beyond r/R = 8 ﬂattens
out and decays very gradually at larger r, a trend shared by full pressure. Turning to ﬁgure 8(b) for the supersonic
jet, a large increase in the magnitude of all pressure components relative to the subsonic jet is evident; full pressure
variance increases by a factor larger than 100, but the disparity amongst the subsonic and supersonic component is
signiﬁcantly reduced. All components display a well deﬁned peak near r/R = 1 beyond which a smaller region of
rapid decay is observed and for r/R ≥ 8 the supersonic component is dominant. Results for other cases and for other
ﬂow variables are discussed by Ryu (2010). We note that the radial velocity disturbance shows a behavior similar to
pressure but the axial velocity disturbance has a diﬀerent behavior; the latter can be understood in terms of the eﬀect
of the mean velocity shear in the ﬂow. The m = 0 mode pressure disturbances also show the trends noted here for the
m = 1 mode.
We turn to the question of scaling associated with subsonic and supersonic pressure disturbances. Figure 9 replots
the radial variation of the mean square pressure disturbances for subsonic component in the left panel and for the
supersonic component in the right panel for the three cold jet simulations from Bodony & Lele (2005) spanning over
Mj = 0.51 to Mj = 1.95. The subsonic pressure variance has been rescaled by U4j , which is an expected scaling for
turbulence associated pressure ﬂuctuations, and shows a reasonable collapse of the data. Without the rescaling the
data would vary by a factor of 100 which is reduced to a variation within a factor of 2-3 after rescaling. The supersonic
component variance has been rescaled by U8j , which is consistent with the far-ﬁeld noise level scaling associated with
Lighthill’s theory [17]. Note that the original variation of more than a factor of 350 is reduced to a variation within a
factor of 2-3.
3.3. A possible rationale for the near-ﬁeld U8j scaling
The supersonic component in Figures 8-9 shows a peak near r/R = 1 in all cases which is within the turbulent
ﬂow region and certainly not in the jet far-ﬁeld. The eﬀective scaling of the supersonic pressure variance (by U8j )
cannot be simply explained by appeal to the far-ﬁeld radiation properties [17] which also scale in this way. Here
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Figure 8: The radial distribution of subsonic and supersonic wave components. Left plot is for the subsonic Mj = 0.51 case. The right plot
is for Mj = 1.95 case.
Figure 9: The radial distribution of rescaled subsonic (left) and rescaled supersonic (right) wave components.
we provide a interpretation based on the magnitude of compressibility eﬀects on the jet turbulence. We restrict
the discussion to the ﬂow regimes where direct eﬀects of compressibility on the turbulent motions are small and
can be estimated using a perturbative approach in the turbulence Mach number Mt. Even for the highest speed jet
considered here, i.e. Mj = 1.95, an estimate of turbulent velocity ﬂuctuations as u′rms/Uj = 0.15 gives an estimate of
M2t ∼ 3{u′rms/C j}2 = 0.257 which although not very small, is perhaps near the threshold below which the perturbation
expansion is useful. For the subsonic jet at Mj = 0.51 the estimate of M2t is 0.018 and is deﬁnitely small. We
will regard the turbulent ﬂuctuations as essentially incompressible; compressibility corrections are estimated by a
perturbation expansion in Mt. For analysis we use the time averaged density ρ, time averaged pressure p, and Favre
averaged velocity U˜i and enthalpy h˜ as the base state variables. Time dependent deviations from these base state
variables are considered to contain the jet turbulence and its acoustic ﬁeld. Projections of the ﬂow deviations in the
(kx, ω) space deﬁne the subsonic and supersonic components. Although a perturbation expansion in a power series of
Mt is used, the leading order ﬂuctuations are allowed to be fully non-linear. The perturbation expansion representing
the compressibility corrections to the turbulent ﬂow is:
u′i/Uj = u
′(0)
i + M
2
t u
′(1)
i + M
4
t u
′(2)
i + . . . ; p
′/P∞ = M2t p
′(0) + M4t p
′(1) + M6t p
′(2) + . . . ;
ρ′/ρ∞ = ρ′(0) + M2t ρ
′(1) + M4t ρ
′(2) + . . . ; h′/h∞ = h′(0) + M2t h
′(1) + M4t h
′(2) + . . . ,
where the incompressible ﬂow scaling of pressure ﬂuctuations is used at the leading order. Density and enthalpy
ﬂuctuations of O(1) are permitted at leading order but they are not independent. The density ﬂuctuations ρ′(0) are
associated with nearly isobaric mixing of the jet which may be heated with ambient ﬂuid. Equations at each order in
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M2t are obtained by substituting these expansions in the exact governing equations minus the corresponding equations
governing the base state. At leading order we have:
∂ρ′(0)
∂t
+
∂m′(0)i
∂xi
= 0;
∂m′(0)i
∂t
+
∂
∂x j
R(0)i j = −
∂p′(0)
∂xi
+ τ′(0)i j, j ;
∂hˆ(0)i
∂t
+
∂
∂x j
H(0)j = −
∂q′(0)j
∂x j
+ ui, jτ
′(0)
i j + u
′(0)
i, j τi j;
m′(0)i ≡ ρu′(0)i + ρ′(0)u˜i + ρ′(0)u′(0)i ; R(0)i j ≡ ρ(u˜iu′(0)j + u˜ ju′(0)i + u′(0)i u′(0)j ) + ρ′(0)(u˜iu˜ j + u˜iu′(0)j + u˜ ju′(0)i + u′(0)i u′(0)j ),
hˆ(0) ≡ ρh′(0) + ρ′(0)h˜; H(0)j ≡ ρ(u˜ jh′(0) + u′(0)j h˜ + h′(0)u′(0)j ) + ρ′(0)(u˜ jh˜ + u˜ jh′(0) + u′(0)j h˜ + h′(0)u′(0)j ),
where τ′(0)i j is the ﬂuctuating viscous stress at leading order. Its eﬀect is not considered signiﬁcant in high Reynolds
number free-shear layers. Similarly q′(0)j = −k ∂T
′(0)
∂x j
is the conductive heat ﬂux due to temperature ﬂuctuations. Due
to the small but ﬁnite compressibility the turbulent motions in the jet induce a small corrective response in the ﬂuid;
parcels which move into a region of higher/lower pressure compress/expand slightly. This correction is governed by:
∂ρ′(1)
∂t
+
∂m′(1)i
∂xi
= 0; m′(1)i ≡ ρu′(1)i + ρ′(1)u˜i;
∂m′(1)i
∂t
+
∂
∂x j
R(1)i j = −
∂p′(1)
∂xi
+ τ′(1)i j, j ;
R(1)i j ≡ (ρ + ρ′(0))(u˜iu′(1)j + u˜ ju′(1)i + u′(0)i u′(1)j + u′(0)j u′(1)i ) + ρ′(1)(u˜iu˜ j + u˜iu′(0)j + u′(0)i u˜ j + u′(0)i u′(0)j ),
where the equation for h′(1) is not displayed. Similarly the compressibility correction at next order satisﬁes:
∂ρ′(2)
∂t
+
∂m′(2)i
∂xi
= 0; m′(2)i ≡ ρu′(2)i + ρ′(2)u˜i + ρ′(1)u′(1)i ;
∂m′(2)i
∂t
+
∂
∂x j
R(2)i j = −
∂p′(2)
∂xi
+ τ′(2)i j, j ;
R(2)i j ≡ (ρ+ρ′(0))(u˜iu′(2)j +u˜ ju′(2)i +u′(0)i u′(2)j +u′(0)j u′(2)i )+ρ′(2)(u˜iu˜ j+u′(0)i u′(0)j +u′(0)i u˜ j+u˜iu′(0)j )+ρu′(1)i u′(1)j +ρ′(1)(u˜iu′(1)j +u˜ ju′(1)i ),
Evidently the leading order compressibility correction to pressure disturbances in the jet ﬂow scale as M4t while the
turbulence associated pressure ﬂuctuations scale as M2t . These scaling properties are consistent with the power laws
noted previously in ﬁgure 9 for near-ﬁeld supersonic and subsonic wave components. But at this stage it is unclear
whether the compressibility correction p′(1) contains larger scale spatial components than p′(0), since both ﬁelds play
the role of a Lagrange multiplier which ensures kinematically consistent ﬂuid acceleration at each order. To analyze
this, consider the energy equation with pressure as the dependent variable, which for a perfect, ideal gas is
Dp
Dt
= −γp∂ui
∂xi
+ (γ − 1){Φ − ∂
∂xi
(k
∂T
∂xi
)},
where Φ is the viscous dissipation rate and DDt ≡ ∂∂t + u j ∂∂x j . The terms on the right hand side nearly balance each
other to set the rate of ﬂuid volume expansion driven by the turbulent jet mixing. This kinematic condition sets
the turbulence associated pressure p′(0). However, along the ﬂuid parcel trajectories we have D0p
′(0)
Dt =
∂p′(0)
∂t + (u˜ j +
u′(0)j )
∂p′(0)
∂x j
 0, which is a small imbalance in the leading order energy equation and causes a corrective response
mediated by the compressible correction
∂u′(1)i
∂xi
to the Lagrange multiplier p′(1). The nonlinearity inherent in D0p
′(0)
Dt
is noted as a potential scale-altering process contributing to large-scale spatial variations in p′(1). Other quadratic
terms involving u′(0)i and ρ
′(0) appear as coeﬃcients in the linear equations for the compressibility correction. Detailed
analysis is required to establish the energy transfer process controlling the near-ﬁeld supersonic wave components.
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Figure 10: The global mode spectrum for a laminar cold supersonic jet at Mj = 2.5 from Nichols et al. [4]. The computed eigenvalues
plotted as blue circles are obtained using a shift-and-invert Arnoldi method. Each shift point is marked by a red cross. The global mode
eigenfunctions corresponding the marked eigenvalues are plotted using contours of real part of the associated pressure disturbance.
4. Global mode analysis
It is often suggested that near-ﬁeld jet dynamics responsible for the noise generation and radiation at small angles
from the jet axis can be described in terms of a jet instability wavepacket evolution (see the review by Tam [28], and
discussion in [32]). Data from laboratory experiments [22], [21], [23], [24], [25] and DNS/LES [27], [20], [26] have
supported this view. It is desirable to ask to what extent the properties of the observed wavepackets can be predicted
using a suitable linearized model of the unsteady dynamics about a jet mean ﬂow. This is typically carried out using
a weakly parallel stability analysis [29], [30] or parabolized stability equations [31], [33], [34]. These approaches
are limited to slowly changing base ﬂows and neglect any upstream propagating disturbances. Acoustic predictions
require the solution of an exterior problem which is matched to the inner representation. Advances in large-scale
numerical linear algebra and eigenvalue analysis allow an alternative approach, i.e., obtaining the global modes of a
non-parallel base ﬂow directly. J. Nichols [4] has developed global mode analysis of subsonic and supersonic jet ﬂows.
When applied to laminar base ﬂows for supersonic jets this analysis provides the global spectrum and mode shapes
illustrated in ﬁgure 10. While the global modes turn out to be temporally stable which is consistent with convective
instability of the jet, they are highly non-normal and support large transient growth [4], [5], [6]. The global modes are
sensitive to the domain size used in the calculation since for laminar base ﬂows the convective instability continues to
the downstream domain boundary but the transient growth rate produced by superposition of the non-normal global
modes remains robust to changes in domain length. If the turbulent jet mean ﬂow is used as the base ﬂow the region of
spatial growth becomes more limited but signiﬁcant transient growth is still present. A comprehensive study of global
modes in jet ﬂows is part of ongoing work.
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